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Edited by Vladimir SkulachevAbstract GD3 is an intracellular mediator of apoptotic signal-
ing. Although GD3 is known to directly act on mitochondria, the
dynamic responses of individual mitochondria to GD3 remain to
be elucidated. In the current study, the membrane potential of
single mitochondria is observed in the presence of GD3 or its
analogues. Here, we report that (1) GD3 speciﬁcally induces
gradual depolarizations of the inner membrane by a mechanism
that diﬀers from the permeability transition, and (2) the GD3-in-
duced depolarizations are suppressed by cyclosporin A. These
results suggest that GD3 depolarizes mitochondria by a mecha-
nism distinct from but relevant to the permeability transition.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The disialoganglioside GD3 is an intracellular mediator of
apoptotic signaling [1]. In response to TNF-a, GD3 accumu-
lates in mitochondria [2,3]. The addition of GD3 to isolated
mitochondria triggers ROS generation, mitochondrial swell-
ing and the release of cytochrome c, which are accompanied
by the permeability transition (PT) [2,4]. Although GD3 is
known to induce the PT pore opening, the mechanism by
which GD3 opens the pore is controversial. Rippo and col-
leagues [2] report that GD3 opens the pore by directly act-
ing on the PT pore. On the other hand, Garcia-Ruiz and
colleagues [4] report that GD3 opens the PT pore via the
generation of ROS.
In past studies, the mitochondrial membrane potential
(DWm) has been measured to investigate the PT [5–9], since
the PT leads to a loss of DWm. Recently, a technique forAbbreviations: CsA, cyclosporin A; DWm, mitochondrial membrane
potential; LacCer, lactosylceramide; NANA, N-acetylneuraminic acid;
PT, permeability transition; ROS, reactive oxygen species; TMRE,
tetramethylrhodamine ethyl ester
*Corresponding author.
E-mail address: ohta@cc.tuat.ac.jp (Y. Ohta).
1 Present address: Faculty of Pharmaceutical Sciences, Chiba Institute
of Science, Japan.
0014-5793/$30.00  2005 Federation of European Biochemical Societies. Pu
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dria has been developed and has provided detailed informa-
tion on their various behaviors [10–14]. Opening of the PT
pore can be detected as a sudden depolarization of single mito-
chondria [10], since the conductance of the PT pore is quite
large with 1.3 nS [6,7]. Therefore, the observation of single
mitochondria enables us to distinguish between (1) the rapid
depolarizations caused by the PT pore openings and (2) the
gradual depolarizations induced by the gradual increase in
the open probability of small conductance channels and/or
the gradual suppression of proton pumping. On the other
hand, it is diﬃcult to discriminate between rapid and gradual
depolarizations when measuring the mitochondrial ensemble,
since signals resulting from sudden depolarizations of individ-
ual mitochondria that occur at diﬀerent moments are averaged
over a number of mitochondria. Thus, the measurements of
DWm in single mitochondria are useful for studying the mech-
anism of the depolarizations.
The present study was designed to determine whether or
not the GD3-induced depolarization of mitochondria is due
to the PT. The GD3 eﬀects were also examined in relation
to the molecular structure of GD3. Although several studies
were performed in recent years on these topics [2,4,15–17],
it was not still clear how GD3 induces mitochondrial depo-
larizations. Elucidation of these processes might provide use-
ful information in designing the molecular structure of drugs
targeted to mitochondria and in describing mechanisms of
mitochondrial dysfunctions leading to apoptosis. We there-
fore observed the time course of changes in DWm in single
isolated mitochondria in the presence of GD3 and its ana-
logues, i.e. GM3, sulfatide, N-acetylneuraminic acid
(NANA), lactosylceramide (LacCer) and the synthetic GD3
mimetic CI-22, which is a glycerophospholipid carrying a
disialo residue.2. Materials and methods
2.1. Preparation of mitochondria
Mitochondria were isolated from porcine heart and suspended in
preparation buﬀer containing 10 mM Tris–HCl, 250 mM sucrose,
1 mM EDTA and 0.1 mM dithiothreitol, pH 7.4 as described previ-
ously [11]. Dithiothreitol was present to protect the free SH groups
in isolated mitochondria from oxidation. This is because the free SH
groups in intracellular mitochondria are protected by GSH, and be-
cause oxidative cross-linking between these groups in isolated mito-
chondria aﬀects the membrane permeability [5]. Each preparationblished by Elsevier B.V. All rights reserved.
Fig. 1. Molecular structures of GD3, GM3, CI-22 and sulfatide.
Sulfatide is shown as sulfogalactosyl cerebroside which is a primary
component of sulfatides used in the present study.
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giving a rate of 498 ± 25 lmol ATP/g of protein/min (the mean ± S.E.,
n = 6), which was compatible with the previous results [11].
2.2. Fluorescence imaging of DWm in single mitochondria
DWm in single mitochondria were observed as described previously
[11,14]. Brieﬂy, mitochondria were adsorbed onto a glass-bottom cul-
ture dish coated with Cell-Tak prior to the microscopic measure-
ments and then stained with 2 nM TMRE, a potentiometric
ﬂuorescent dye, for 30 min in the presence of GD3 or its analogues
(10 lM) in sucrose buﬀer (10 mM Tris–HCl, 250 mM sucrose,
2 mM KH2PO4, 1 mM EDTA and 0.1 mM dithiothreitol, pH 7.4).
To examine the eﬀects of cyclosporin A (CsA) (2 lM) or catalase
(500 units/ml), mitochondria were stained with TMRE in the pres-
ence of these reagents. TMRE ﬂuorescence was elicited by illumina-
tion at 535 nm. Fluorescence at >580 nm was detected with a
cooled CCD camera (PentaMAX 1317 K 5 MHz, Princeton Instru-
ments, Trenton, NJ). A series of images frame was acquired at inter-
vals of three seconds or six seconds. All procedures described above
were performed at 25 C. For the analysis of individual mitochon-
dria, the ﬂuorescence intensity was averaged over an area of
0.6 lm2 on the mitochondrion. The ﬂuorescence intensity of TMRE
in buﬀer was measured in the same ﬁeld as the mitochondria, but
was obtained at a position where the ﬂuorescence intensity was not
aﬀected by mitochondrial TMRE.
2.3. Measurements of H2O2 generation with the mitochondrial ensemble
For measurements of H2O2 generation, conversion of 10-acetyl-3,7-
dihydroxyphenoxazine to resoruﬁn, catalyzed by horse radish peroxi-
dase, was detected [18]. Mitochondria were suspended at 0.15 mg of
protein/ml in sucrose buﬀer without dithiothreitol, since dithiothreitol
made 10-acetyl-3,7-dihydroxyphenoxazine unstable. Changes in reso-
luﬁn ﬂuorescence upon addition of malate were monitored for
10 min with excitation at 545 nm and emission at 590 nm by using a
spectroﬂuorimeter. Resoruﬁn ﬂuorescence values were calibrated with
a standard solution of H2O2.
2.4. Drug and solutions
In all experiments, dimethyl sulfoxide (DMSO), the solvent for gan-
gliosides, was present at a maximum concentration of 0.1%, and when
tested alone, did not have signiﬁcant eﬀects under these experimental
conditions. TMRE and Amplex Red reagent for the H2O2 assay were
obtained from Molecular Probes. GD3 was obtained from Wako Pure
Chemicals. GM3, sulfatides and NANA were from Sigma. LacCer was
from Larodan Fine Chemicals. CI-22 (Fig. 1) was synthesized as de-
scribed previously [17]. Other chemicals were of the highest purity
available commercially.
2.5. Statistical analysis
We averaged the data produced using mitochondria prepared from
at least three independent samples of porcine hearts. The results were
expressed as the means ± S.E.M. and analyzed by ANOVA followed
by the Bonferroni correction. The diﬀerence was considered statisti-
cally signiﬁcant at P < 0.05.3. Results
To examine the eﬀects of GD3 and its analogues on DWm,
we monitored the time course of TMRE ﬂuorescence changes
in individual mitochondria upon addition of malate (Fig.
2A). Mitochondrial TMRE ﬂuorescence was normalized by
the background ﬂuorescence (TMRE ﬂuorescence in the med-
ium) to obtain the ﬂuorescence intensity that was dependent
on DWm [11]. In all cases tested, the normalized TMRE ﬂuo-
rescence (R) was stable in most mitochondria before the addi-
tion of malate. Addition of 5 mM malate induced signiﬁcant
polarization of mitochondria and initiated repeated cycles of
rapid depolarizations followed by immediate repolarizations(Fig. 2A). These cycles were not observed when the R values
from individual mitochondria were averaged over tens of
mitochondria, indicating that these cycles were not synchro-
nized among the mitochondria. The averaged R values in-
creased rapidly upon addition of malate, reaching a plateau
that remained unchanged for 10 min, after which time they
began to decrease (data not shown). The overall depolariza-
tions of mitochondria were enhanced by addition of GD3
(Fig. 2A).
First, we examined the eﬀects of GD3 and its analogues on
DWm before addition of malate (Fig. 2B). GD3, GM3, CI-22 or
sulfatide signiﬁcantly decreased the normalized TMRE ﬂuo-
rescence (R). Since these molecules have negatively charged
hydrophilic groups and hydrophobic moieties that act as a
membrane anchor, and since TMRE accumulates in mitochon-
dria in a voltage-dependent manner, the decreases in R by
these molecules indicate depolarizations of mitochondria due
to their adsorption onto the mitochondrial surface. Next, we
monitored R in the presence of 5 mM malate. In contrast to
R values before addition of malate, R values were not altered
by GD3 and its analogues until 8 min after addition of malate
(Fig. 2C). This result suggests that GD3 and its analogues do
not alter the ability of mitochondria to pump protons against
DWm. Finally, we analyzed R values that were averaged from
26 to 28 min after the addition of malate, to compare the ef-
fects of GD3 and its analogues on the overall depolarizations
(Fig. 2D). Of the molecules tested, only GD3 signiﬁcantly
Fig. 2. Eﬀects of GD3 and its analogues on DWm. (A) The time course of malate-induced polarization of a single mitochondrion in the absence of
GD3 (upper) or in the presence of GD3 (lower bold). The arrow shows the addition of malate (5 mM). (B–E) The control contains 0.1% DMSO
without GD3 and its analogues. (B–D) Normalized TMRE ﬂuorescence in mitochondria was averaged before addition of malate (B), between t = 0
and 8 min (C) and between t = 26 and 28 min (D). The ﬂuorescence intensities were averaged over >90 mitochondria. \P < 0.05 vs. control. (E)
Frequencies of the rapid depolarizations observed in single mitochondria between t = 0 and 8 min. \P < 0.05 vs. control.
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occurred in almost all mitochondria energized upon addition
of malate, although the amplitude of the depolarization varied
among individual mitochondria. In control mitochondria
bathed in the buﬀer without GD3 or its analogues, regardless
of whether 0.1% DMSO was present, approximately 80% of
the mitochondria showed slight overall depolarizations, while
approximately 20% of the mitochondria showed sudden irre-
versible depolarizations (data not shown). These sudden irre-
versible depolarizations were not observed for the ﬁrst
15 min after addition of malate.
We have also analyzed the frequencies of the rapid depolar-
izations followed by immediate repolarizations that occurred
for 8 min after addition of malate. To characterize these rapid
depolarizations, we analyzed R before addition of malate and
also measured the level of noise. The amplitude of the noise
in R was less than 0.17. Therefore, decreases in R having a min-
imal amplitude of 0.18 were deﬁned as rapid depolarizations
under these conditions [14]. Results are shown in Fig. 2E.
GD-3 and CI-22 signiﬁcantly decreased the depolarization fre-
quencies, indicating that disialo residues, rather than negatively
charged head groups, suppressed the rapid depolarizations. Inthe experiments described here, we added GD3 and its ana-
logues at 10 lM. When we increased GD3 concentration up
to 45 lM, mitochondria were not polarized upon addition of
malate (data not shown). When the concentration of GD3
was decreased to 1 lM, the eﬀects on the ﬂuctuations were
not signiﬁcant (data not shown).
We have compared the overall depolarizations induced by
GD3 with depolarizations at the PT. Addition of atractylo-
side, which induces the PT, provoked rapid and irreversible
depolarization of single mitochondria (Fig. 3A). On the other
hand, the GD3-enhanced depolarizations were gradual. This
result suggests that GD3-enhanced depolarizations were not
due to the PT. Furthermore, the addition of ADP to polar-
ized mitochondria induced the rapid depolarization (Fig.
3B). In a single mitochondrion, the electric charge that enters
the matrix upon ATP synthesis and release over one second is
calculated to be similar to or less than the charge transfer
that occurs upon the opening of a single PT pore. Therefore,
even a single opening of a single PT pore should be detected
as a sudden depolarization under these experimental condi-
tions. Although the GD3-enhanced depolarizations were
quite diﬀerent from the depolarization at the PT, these
Fig. 3. Gradual depolarizations of mitochondria induced by GD3. (A) Sudden collapse of DWm at the PT was induced by 1 mM atractyloside. (B)
Rapid depolarization of mitochondria induced by addition of ADP to polarized mitochondria. (C) Eﬀect of CsA on GD3-induced gradual
depolarization of single mitochondria. Upper curve, +CsA; Lower curve, CsA. (D) Normalized TMRE ﬂuorescence in mitochondria between
t = 26 and 28 min. Fluorescence intensities were averaged as described in Fig. 1. \P < 0.05.
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of the PT (Fig. 3C and D). On the other hand, CsA did not
suppress the slight depolarizations of control mitochondria
(data not shown).
It has been reported that GD3 enhances ROS generation in
mitochondria [4]. To examine whether the observed GD3-
enhanced gradual collapse of DWm is due to ROS generated
in mitochondria, we added catalase to the buﬀer, which de-
creased the concentration of H2O2 released from mitochon-
dria. Catalase signiﬁcantly suppressed the GD3-enhanced
depolarizations (Fig. 4A and B), although it did not aﬀect
the slight depolarizations of control mitochondria (data not
shown). We also examined the eﬀects of GD3 and its ana-
logues on ROS generation. Consistent with the eﬀect on R
(Fig. 2D), only GD3 signiﬁcantly enhanced ROS generation
(Fig. 4C). CsA did not suppress the generation of ROS in
the presence of GD3 (data not shown).4. Discussions
The PT is deﬁned as the increase in permeability of the inner
mitochondrial membrane to all molecules under 1.5 kDa, and
it is thought to be induced by openings of non-speciﬁc pores
having an extremely high conductance on the order of 1.3 nS
[6,7]. Based on these results, DWm of single mitochondria
should rapidly collapse at the PT. In fact, the PT was observed
as the sudden collapse of DWm in single mitochondria (Fig.
3A). Therefore, a gradual loss of DWm induced by GD3 is
likely to indicate the gradual suppression of proton pumping
and/or the gradual increase in the open probability of small
conductance channels prior to the PT, rather than the PT it-
self. Interestingly, these gradual depolarizations were sup-pressed by CsA, a potent inhibitor of the PT, implying that
CsA also inhibits the mitochondrial dysfunctions noted above
that occur prior to the PT. It should be noted that we cannot
distinguish the sudden collapse of DWm at the PT from the
gradual loss of DWm enhanced by GD3 when mitochondrial
ensembles are observed, because individual mitochondria be-
come depolarized at diﬀerent times. In the absence of GD3,
slight depolarizations of mitochondria were observed 10 min
after addition of malate. The cause of these slight depolariza-
tions remains elusive [12].
Among GD3 and its analogues tested here, only GD3 en-
hanced ROS generation and the following dissipation of
DWm. Although the roles of ceramide and sialic acid residues
on the dysfunction of mitochondria have been investigated
intensively [2,4,15–17], our present result is the ﬁrst demonstra-
tion that combination of the LacCer moiety and the disialo
residue is responsible for ROS generation and the following
dissipation of DWm. This conclusion is based on the facts that
neither GM3 (LacCer + monosialo residue) nor CI-22 (glycer-
ophospholipid + disialo residue) enhanced ROS generation
and dissipation of DWm. The fact that catalase suppressed
the GD3-enhanced depolarizations also supports the notion
that ROS mediated the enhanced rate of DWm dissipation in re-
sponse to GD3. This result is consistent with the report of Gar-
cia-Ruiz and colleagues [4], although the exact molecular
species of GD3 analogues that directly act on mitochondria re-
main to be elucidated. In the present study, we have focused on
the direct action of GD3 on mitochondria. In addition to the
action on mitochondria, GD3 at the cell surface enhances
the generation of ROS by activating NADPH oxidase and
NADH oxidase [19]. Therefore, mitochondria in cells might
be depolarized by ROS generated by the above enzymes, as
well as by ROS generated in mitochondria.
Fig. 4. H2O2 mediates the gradual collapse of DWm by GD3. (A) Eﬀect
of catalase on the GD3-induced gradual depolarization of single
mitochondria. Upper curve, +catalase; Lower curve, control. (B)
Normalized TMRE ﬂuorescence in mitochondria between t = 26 and
28 min. Fluorescence intensities were averaged as described in Fig. 1.
\P < 0.05. (C) Eﬀects of GD3 and its analogues on H2O2 generation in
mitochondria. The H2O2 generation in control mitochondria was
normalized to 100. The control contains 0.1% DMSO without GD3
and its analogues. \P < 0.05 vs. control.
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